In the developing nervous system, distribution of membrane molecules, particularly axon guidance receptors, is often restricted to specific segments of axons. Such localization of membrane molecules can be important for the formation and function of neural networks; however, how this patterning within axons is achieved remains elusive. Here we show that Drosophila neurons in culture establish intra-axonal patterns in a cell-autonomous manner; several membrane molecules localize to either proximal or distal axon segments without cell-cell contacts. This distinct patterning of membrane proteins is not explained by a simple temporal control of expression, and likely involves spatially controlled vesicular targeting or retrieval. Mobility of transmembrane molecules is restricted at the boundary of intra-axonal segments, indicating that the axonal membrane is compartmentalized by a barrier mechanism. We propose that this intraaxonal compartmentalization is an intrinsic property of Drosophila neurons that provides a basis for the structural and functional development of the nervous system.
INTRODUCTION
The process by which different parts of the body acquire distinct properties such as morphology, function, and molecular distribution is generally called patterning. Likewise, patterning events that take place within a single cell may be called intracellular patterning. In the nervous system of vertebrates and invertebrates, different regions of axons are often characterized by differential expression of membrane molecules (Bastiani et al., 1987; Brittis et al., 2002; Callahan et al., 1995; Dodd et al., 1988; Kidd et al., 1998; Patel et al., 1987; Rajagopalan et al., 2000a Rajagopalan et al., , 2000b Simpson et al., 2000a Simpson et al., , 2000b , suggesting that axons are ''patterned'' into intra-axonal segments. For example, in the ventral nerve cord of Drosophila embryos, axon guidance receptor Roundabout (ROBO), and other members of this family, ROBO2 and ROBO3, accumulate on longitudinal axon tracts, but are excluded from commissures (Kidd et al., 1998; Rajagopalan et al., 2000a Rajagopalan et al., , 2000b Simpson et al., 2000a Simpson et al., , 2000b ) (Figures 1A and 1C) . This specific distribution pattern is due to the localization of ROBO proteins to distal axon segments of individual commissural neurons (Kidd et al., 1998; Simpson et al., 2000a ) ( Figure 1D ). The distribution of another guidance receptor, Derailed (DRL), which, by contrast, is enriched on the anterior commissures, provides a second example of this regulated distribution (Bonkowsky et al., 1999; Callahan et al., 1995) (Figures 1B-1D ). In the spinal cord of mouse embryos, commissural axons express elevated levels of Robo1 and Robo2 proteins on the axon segments that have crossed the floor plate, while an isoform of Rig-1/Robo3 is mostly present on the precrossing axon segment (Chen et al., 2008; Sabatier et al., 2004) . Thus, the spatial regulation of axon guidance receptors within an axon appears to be conserved across species.
Despite the generality of the intra-axonal localization of membrane molecules, little is known about how such elaborate patterns emerge. These patterns may result from the influence of extrinsic cues, an intrinsic ability of cells, or both. It is also elusive how polarized distribution of these membrane proteins along axons can be established and maintained without diffusing into a uniform distribution. Here, using a low-density primary cell culture prepared from Drosophila embryos, we show that neurons possess an ability to generate intra-axonal patterns of membrane molecules cell-autonomously. ROBO3 and ROBO2 are localized to distal axon segments, while DRL is localized to proximal axon segments in a complementary manner. These localization patterns are not explained by a simple temporal control of receptor expression, and likely involve spatially controlled vesicular targeting or retrieval pathways. The temperature-sensitive dynamin mutant reveals that DRL requires Dynamin-dependent endocytosis for its localization to proximal axon segments, whereas ROBO3 localization is relatively insensitive to blocking Dynamin function. We also show that the exchange of membrane proteins between the distal and proximal axon segments is restricted at a medial point of the axon, which may maintain the compartmentalized distribution of membrane proteins along axons.
RESULTS

Intra-axonal Localization of Axon Guidance Receptors
Can Be Generated Cell Autonomously We sought to examine whether Drosophila neurons possess any intrinsic ability to generate intra-axonal distribution patterns of membrane molecules, and if so, by what mechanism. To explore the cell-autonomous properties of Drosophila neurons, we used a low-density primary cell culture system, in which neurons extend their axons in the absence of cell-cell contacts. We tested whether or not neurons placed in culture exhibit a localized distribution of ROBO receptors. Immunostaining revealed that ROBO is distributed uniformly along axons, suggesting that ROBO requires extrinsic signals for its distal localization pattern ( Figure 1E , Table 1 ). By contrast, ROBO2 and ROBO3 were localized to distal axon segments in many neurons, with a discrete boundary at a medial point in the axonal process ( Figures 1F and 1G , Table 1 ). Likewise, DRL protein and the antigen of a monoclonal antibody BP102 (Seeger et al., 1993) were also localized cell-autonomously to the proximal region of axons (Figures 1H and  1I, Table 1 ). Thus, we conclude that Drosophila neurons possess an ability to create intraaxonal localization patterns via a cell-intrinsic mechanism (or mechanisms).
Intra-axonal Localization of Guidance Receptors Shares a Common Boundary
To unveil the mechanism for this intrinsic intraaxonal patterning, we first asked how many distinct localization patterns can be formed in a single axon. We reasoned that if each localized molecule is based on a distinct localization mechanism, there could be as many distinct localization patterns and boundaries as the number of different molecules. Alternatively, if multiple molecules employ the same mechanism or related mechanisms, their localization patterns could share a common boundary. To test this, we visualized the distribution of multiple receptors simultaneously using double immunostaining. When ROBO2 and ROBO3 were detected by double staining, their distal localization pattern overlapped and shared a common boundary ( Figure 1J ). Moreover, the distal pattern of ROBO3 and the proximal pattern of DRL (or BP102) were complementary and their boundaries largely coincided ( Figures 1K and 1L ). These results suggest that intra-axonal patterning may involve a mechanism that generates or maintains multiple molecules.
Localization Patterns of Receptors Are Not Determined by Their Temporal Expression Profiles
A simple mechanism for intra-axonal localization of guidance receptors would be to control distribution by the temporal expression profile of the receptors at the growth cone during axonal elongation (Dodd et al., 1988; Keleman et al., 2002) . For example, the complementary distribution pattern of DRL and ROBO3 could be generated if the expression of DRL and ROBO3 switch at a certain time point in axonal elongation; DRL may be expressed during the earlier stages of axonal elongation, whereas ROBO3 may be expressed only after the expression of DRL has been turned off. This hypothesis implies that the spatial pattern along the proximal-distal axis of the axon is generated from information on the time axis.
To test this possibility, we manipulated the timing of receptor expression using GAL4/UAS-based systems. When EGFPtagged receptors (hereafter referred to as ROBO-EGFP, etc.) were expressed throughout axonal elongation under the control of elav-GAL4, EGFP-tagged receptors showed localization patterns similar to those of endogenous proteins; ROBO-EGFP was uniformly distributed, ROBO2-EGFP and ROBO3-EGFP were localized to the distal axon segment, and DRL-EGFP was localized to the proximal axon segment (Figures 2A-2D , Table 2 ). Even when ROBO3-mRFP and DRL-EGFP were simultaneously expressed in the same cell, they showed complementary localization patterns with similar or identical boundary positions . Complementary localization of tagged ROBO3 and DRL molecules was also verified in vivo, by coexpression in a subset of identified neurons under the control of a GAL4 driver ( Figure S1 available online). These results indicate that localization is not determined by the temporal profile of receptor expression at the transcriptional level.
Because the above result does not rule out the possibility that localization is determined by temporal control at the posttranscriptional level, we next used an expression system that can switch on the expression of transgenic receptors by a brief heat pulse (see Experimental Procedures for details). This system enables us to delay expression, including at the posttranscriptional level, to any time point in axonal elongation. Expression was induced in neurons that had extended axons for 1 day, and then the distribution of receptors was re-examined after 24 hr of receptor expression ( Figure 2H ). If timing of expression is the determinant of the localization patterns, these receptors should only be detected in the distal axon segments that elongated after the heat pulse. In contrast to this expectation, DRL-EGFP was localized to proximal axon segments, showing that a proximal localization pattern can be generated irrespective of the timing of expression ( Figures 2I-2K ). The localization pattern of distally localized ROBO3-EGFP also did not match its expression profile; its boundary was located more proximal to the cell body than the site where the tip of the axon was located at the time of receptor induction ( Figures 2L-2N ).
These results demonstrate that the temporal profile of receptor expression at the growth cone is not essential for receptor localization. We thus hypothesize that this localization is achieved by compartmentalization of an axon; a single axonal process is divided into two compartments, proximal and distal, each of which can accommodate specific membrane molecules, and distribution of membrane molecules to each compartment is determined via compartment-specific trafficking pathways.
Dynamin-Dependent Endocytosis Is Required for the Localization of DRL
Compartment-specific distribution of membrane proteins can be achieved via compartment-specific targeting, retrieval, or both. To test whether retrieval from the plasma membrane via endocytosis is involved in the formation of intra-axonal localization patterns, we examined the distribution of guidance receptors in a temperature-sensitive Dynamin mutant called shibire ts1 (shi ts1 ). The shibire (shi) gene product Drosophila Dynamin (dDyn) is known to regulate endocytosis in a variety of fly tissues, and shi ts1 animals show defects in endocytosis at temperatures 29 C or higher (Guha et al., 2003; Kosaka and Ikeda, 1983a; Kosaka and Ikeda, 1983b) . Because complete loss of Dynamin function prevents axonal growth, axons were first allowed to grow at the permissive temperature (22 C) for 24 hr, and then the temperature was shifted to restrictive conditions (29 C, 31 C, or 33 C), at which point the expression of ROBO3-EGFP or DRL-EGFP was initiated by the hormone-inducible GeneSwitch system (Osterwalder et al., 2001 ) (see Experimental Procedures). This enabled us to examine the distribution of receptors that are synthesized under reduced Dynamin function. At the permissive temperature, DRL was localized to proximal segments in around 80% of neurons in both wild-type and shi ts1 backgrounds. At nonpermissive temperatures (29 C and 31 C) the percentage of neurons with proximal localization decreased by 60% in shi ts1 backgrounds ( Figures 3A, 3B , and 3F, and Table   S1 ). At 33 C, both control and experimental conditions showed significant decrease in the number of neurons with proximal pattern compared to the permissive temperature, which may be due to the intrinsic sensitivity of Dynamin proteins to high temperature (Guha et al., 2003) (Figure 3F ). The change in the distribution of DRL-EGFP at restrictive temperatures is likely to be on the plasma membrane, since immunostaining for DRL under nonpermeabilized conditions (surface labeling) also resulted in uniform distribution (data not shown). When Dynamin Drosophila embryonic neurons were immunostained after 24 hr in culture, and fluorescence signals along axons were examined for their distribution patterns. N.D., not detectable. Position of boundary is indicated as the distance from soma (average ± SD). N.B.: When visually assessed, about 30% of neurons showed BP102 staining localized in a middle region of the axon; however, the majority ($80%) of them were classified into ''Uniform'' pattern by our quantification algorithm. See Experimental Procedures for details of quantification.
function was restored by down-shifting the temperature to a permissive condition (a 5 hr chase), the proximal localization pattern increased by about 30% (data not shown). These results suggest that the proximal localization of DRL on the axonal membrane requires Dynamin-dependent endocytosis. In contrast to DRL, the distal localization of ROBO3 was only mildly affected by the shi ts1 mutation: the number of neurons that show distal localization of ROBO3 decreased by 7%, 10%, and 20% at 29 C, 31 C, and 33 C, respectively (Figures 3C, 3D, and 3F, and Table S1 available online). At restrictive temperatures some neurons categorized as ''uniform distribution'' showed bright punctate signals of ROBO3-EGFP along the entire length of axons ( Figure 3E ). These punctate signals seen by EGFP fluorescence were not labeled by surface labeling using anti-ROBO3 antibody, suggesting that they are likely to be vesicles or aggregates that are inaccessible from the surface ( Figure 3E ). About half of the neurons that were classified as uniform distribution by the quantitation of EGFP fluorescence showed distal localization under the surface labeling condition, and thus the severe reduction of Dynamin function at 33 C causes only 10% reduction of the distal ROBO3 pattern generated on the cell surface. These results suggest that the formation of distal localization of ROBO3 is largely independent of Dynamin function.
We next addressed the possibility of selective targeting of DRL to the membrane. The dependence of DRL on shi function for endocytosis enabled us to design an experiment to distinguish between directed and uniform targeting. We reasoned that if DRL is preferentially targeted to the proximal segment, proteins newly appearing on the cell surface should exhibit proximal localization even when endocytosis is blocked. To test this, the distribution of DRL-EGFP in shi ts1 mutant was examined at 2 hr, 4 hr, and 6 hr after the temperature was shifted to a restrictive condition (29 C). To assay only newly synthesized proteins appearing on the cell surface, the expression of DRL-EGFP was initiated by the GeneSwitch system simultaneously with shift up to the restrictive temperature, and DRL-EGFP on the axonal surface was detected by surface labeling. At 2 hr from DRL-EGFP induction, a large fraction (64%) of neurons exhibited proximal localization pattern, even in shi ts1 mutant ( Figure 3G ). This suggests that newly synthesized molecules appear preferentially on the proximal axonal membrane. The severe effect of compromised Dynamin function on DRL localization manifested only after longer chase periods; at 4 hr from DRL-EGFP induction, shi ts1 cells showed a significant reduction in the number of proximal localizations, with further reduction at 6 hr (Figure 3G) . This likely reflects a specific targeting property of DRL, because similar experiments using ROBO3 revealed that ROBO3-EGFP was distally localized at all time points (Figure 3G ). These results suggest that there is a preferential targeting of DRL to the proximal axon compartment, although this does not exclude the possibility that DRL is also selectively retrieved from the distal axon compartment.
Mobility of Membrane Molecules Is Restricted at the Compartment Boundary by a Diffusion Barrier Mechanism
While compartment-specific retrieval and targeting pathways likely contribute to the establishment and/or maintenance of the compartmentalized distribution of receptors, an additional effective mechanism for pattern maintenance over time is the mobility restriction of proteins on the fluid plasma membrane, either within the compartment or at the compartment boundaries. Compartmentalized membrane proteins may become immobile by being anchored to the cytoskeleton (Garrido et al., 2003; Pan et al., 2006) , or their mobility could be restricted at certain locations on the membrane by a barrier mechanism (Kobayashi et al., 1992; Nakada et al., 2003; Takizawa et al., 2000; Winckler et al., 1999) . To test whether or not localized molecules are mobile, we measured the mobility of ROBO3-EGFP and DRL-EGFP, which are localized to distal and proximal axon segments, respectively, using fluorescence recovery after photobleaching (FRAP) (Lippincott-Schwartz et al., 1999) . When ROBO3-EGFP fluorescence was bleached in a part of the distal axon segment, the fluorescence recovered to the bleached area from both ends ( Figures 4A-4D ). Similar results were obtained with DRL-EGFP in proximal axon segments ( Figures 4E-4H ). These results suggest that these molecules are laterally mobile within an axonal compartment. We next asked whether or not a barrier exists that could retain membrane molecules within one axon compartment. To this end, we examined whether CD8-GFP, a model transmembrane protein that labels the entire plasma membrane of Drosophila neurons (Lee and Luo, 1999) , can move from one axon segment to another. CD8-GFP and ROBO3-mRFP were coexpressed in neurons in culture, and photobleaching of CD8-GFP was performed in regions neighboring the boundary of ROBO3-mRFP ( Figure 4I-4K) . The recovery at the side abutting the boundary was significantly slower than that at the side away from the boundary, indicating that the movement of CD8-GFP across the compartment boundary is restricted ( Figure 4K-4M ). Similar mobility restriction was observed with ROBO-EGFP and a GPIlinked GFP (GFPgpi, Greco et al., 2001 ), but not with GAP-GFP, which is targeted to the inner membrane ( Figure 4N-4P ). These data suggest that the exchange of transmembrane proteins between axon segments is generally limited at the boundary region.
To gain further insight into the nature of this constraint, we performed spot-size ($1 mm 2 ) FRAP experiments on CD8-GFP along the axon (Figures 5A and 5B) . In contrast to the quick recovery at locations away from the boundary of ROBO3-mRFP, the region in proximity of the boundary exhibited diminished levels of recovery, with both a larger immobile fraction and a longer half-recovery time ( Figures 5C and 5D ). Such regions of reduced mobility were confined to within 10 mm of axon length around the boundary ( Figures 5E and 5F ). These data suggest that a diffusion barrier, which is thought to hinder the mobility of molecules through the anchoring and frictionlike effects of membrane proteins (Nakada et al., 2003) , exists at the boundary region of intra-axonal compartments. This barrier may contribute to the maintenance of intra-axonal patterns of guidance receptors by limiting the exchange of membrane proteins between distinct axon segments, and may also serve as a positional cue for the specification of intra-axonal compartments.
Presynaptic Proteins Accumulate to the Distal Axon Compartment
The formation of the functional neuronal circuit relies on correct axonal wiring and the subsequent establishment of synaptic connections. In the Drosophila ventral nerve cord, synaptic proteins such as synaptotagmin and synapsin are localized to the distal axon segment of individual neurons, and synapse formation takes place mainly on the longitudinal axon tracts (Furrer et al., 2007; Littleton et al., 1993; Lohr et al., 2002; SanchezSoriano et al., 2005) . This raises a possibility that intra-axonal compartmentalization could also be employed to provide spatial information for synaptic differentiation. To test this idea, we examined the distribution of EGFP-tagged synaptic vesicle proteins in cultured neurons. A postsynaptic protein Discs-Large (Dlg-YFP) exhibited a uniform distribution along axons ( Figure 6A , Table S2 ). In contrast, presynaptic proteins synaptotagmin (syteGFP) and n-synaptobrevin (n-syb-eGFP) were localized to the distal axon segment, and the boundary of syt-eGFP or n-sybeGFP localization largely coincided with that of ROBO3-mRFP ( Figures 6B and 6C , Table S2 ). This suggests that the distal axon compartment can accommodate not only axon guidance receptors but also presynaptic proteins. Each compartment may serve as a platform for various intracellular events, for example by tethering synaptic vesicles to the target membrane via Rab and its effectors (Zerial and McBride, 2001) , causing the retention of n-syb-eGFP and syt-eGFP in the distal segment. We propose that the intra-axonal compartment is a fundamental structure of Drosophila neurons that could contribute to both the structural and functional development of the nervous system.
DISCUSSION
Development of the nervous system depends on the expression of various axon guidance molecules; however, relatively little is known about how their expression pattern is controlled in space and time (Dickson, 2002) . It is believed that extrinsic factors such as signals from midline cells or floor plate cells play instructive roles in regulating the expression of the guidance receptors on growing axons, because the localization patterns on axons highly correlate with the position of these cells (Dickson and Gilestro, 2006) . In mice, it has been reported that responsiveness Due to the weak expression of myr-mRFP at 2 hr, images were visually analyzed (see Experimental Procedures). The number of neurons examined for each condition is indicated below the bars. ***p = 6.8eÀ7, **p = 0.0045, *p = 0.041, no asterisk: p > 0.1; G-test. The statistical significance between control and shi ts1 of DRL at each time point is p = 6.3eÀ4, p = 3.2eÀ10, and p = 3.7eÀ15 (G-test), for 2 hr, 4 hr, and 6 hr, respectively. Scale bars, 10 mm.
Neuron
Intra-axonal Patterning in Drosophila Neurons of axons to guidance cues changes in the presence of the floor plate (Shirasaki et al., 1998) , and a ligand expressed at the floor plate is required for the restricted expression of guidance receptors (Long et al., 2004) . On the other hand, not much work has been devoted to unveiling the roles of cell-intrinsic programs in regulating the intra-axonal localization of guidance receptors.
Cell-Intrinsic and -Extrinsic Pattern Generation within the Axon
We have described here a patterning phenomenon that takes place within single axonal processes as a cell-intrinsic event.
This patterning involves compartmentalization of the axonal membrane with a diffusion barrier located at a medial point of the axon. Our data suggest that this patterning ability is a funda- 
N-P) FRAP experiments of ROBO-EGFP (N), GFPgpi (O), and GAP-GFP (P). Restricted mobility across the boundary was observed with ROBO-EGFP (N) and GFPgpi (O), but not with GAP-GFP (P). Numbers correspond to the positions along axons as indicated in the schematic neuron in (M), in which green and magenta indicate the distributions of CD8-GFP, ROBO-EGFP,
GFPgpi, or GAP-GFP and ROBO3-mRFP, respectively. For CD8-GFP (M), n = 18, for locations 1 and 2, and n = 25 for locations 3 and 4. For ROBO-EGFP (N), n = 22 for locations 1 and 2, and n = 25 for locations 3 and 4. For GFPgpi (O), n = 14 for locations 1 and 2, and n = 14 for locations 3 and 4. For GAP-GFP (P), n = 19, for locations 1 and 2, and n = 14 for locations 3 and 4. Error bars represent SEM. ***p < 0.00001, **p < 0.0001, and *p < 0.005; Wilcoxon signed rank test. Scale bars, 10 mm.
mental property of Drosophila neurons, because the compartment-specific localization of GFP-tagged receptors can be observed in the majority (>90%) of neurons. In the CNS of Drosophila, more than 90% of neurons project their axons to the contralateral side of the nervous system, and the width of the commissural segment or precrossing segment of those neurons is 20-40 mm, which parallels the length of the proximal compartment observed in vitro. This raises the possibility that the intrinsic patterning ability of neurons may serve as the basis of generating the intra-axonal localization of guidance molecules in vivo.
In addition to these intrinsic abilities of neurons, our results suggest that extrinsic factors may also contribute to the intraaxonal patterning, because not all ROBO receptors examined in this study recapitulated the localization patterns observed in vivo. All three members of ROBO family receptors are localized to distal axon in vivo (Kidd et al., 1998; Rajagopalan et al., 2000a Rajagopalan et al., , 2000b Simpson et al., 2000a Simpson et al., , 2000b . Whereas ROBO2 and ROBO3 retained the ability to localize distally when isolated in culture, ROBO was uniformly distributed along axons under such conditions. Localization of ROBO may require extrinsic signals that are absent in our culture system. One of the candidate extrinsic factors are the midline cells, which lie on an axonal region where ROBO expression is downregulated in vivo (Dickson and Gilestro, 2006) . It is also possible that the location of the compartment boundary determined by the intrinsic mechanisms is refined by extrinsic signals. It would be interesting to test whether contact with midline cells in culture can induce distal localization of ROBO, or alter the position of the boundary.
Mechanism of Pattern Generation and Maintenance
It has been commonly suggested that axon guidance receptors are targeted to the growth cone, and intra-axonal localization , and n-syb-eGFP (C) (green) are coexpressed with ROBO3-mRFP (magenta) using elav-GAL4. Second-rightmost panels, fluorescence intensity profiles along the axons. Right-most panels, the position of the boundary for green and magenta channels of each neuron is plotted as a distance from soma (mm) in the ordinate and the abscissa, respectively. Scale bars, 10 mm.
patterns of guidance receptors reflect temporal profiles of receptor expression at the growth cone during axonal extension (Dodd et al., 1988; Keleman et al., 2002) . We demonstrated here that intra-axonal localization patterns that are evident in our culture condition can form regardless of the timing of receptor expression. Although this result does not rule out the involvement of temporal control of expression during axon navigation in vivo (Rajagopalan et al., 2000b; Simpson et al., 2000b) , it suggests that critical mechanisms for the intra-axonal localization of receptors described here are compartment-specific trafficking pathways. One such trafficking mechanism could involve local translation or targeted membrane transport, which can specifically deposit membrane proteins to either the proximal or distal membrane compartment. It is also possible that membrane proteins are selectively retrieved from one compartment through endocytic pathways.
Our time course experiment in shi ts1 mutant backgrounds suggests that DRL is preferentially targeted to the proximal compartment. We have also shown that the correct intra-axonal localization of DRL requires Dynamin-dependent endocytosis; however, at present we cannot distinguish whether or not the endocytosis of DRL is compartment specific. Because our FRAP experiments on CD8-GFP suggest that the barrier between the proximal and distal axon compartments does not completely block the movement of membrane proteins between the compartments, it is possible that the Dynamin-dependent endocytosis is required to remove DRL that leaks into the distal compartment, serving to maintain the pattern generated by targeting. Alternatively, endocytosis itself may be compartment specific, contributing to the establishment of the pattern.
In contrast to DRL, ROBO3 does not appear to require shibire function for its localization, demonstrating the presence of differential trafficking mechanisms for DRL and ROBO3. Due to this shi-independence of ROBO3, it is not possible to conclusively demonstrate the presence of preferential targeting of ROBO3 by performing a time course experiment. Even if there is preferential targeting, it is likely that ROBO3 also needs to be removed from the incorrect compartment, because ROBO3 shows a level of lateral mobility on the axon similar to that of DRL. Since ROBO3 localization is largely independent of Dynamin function, such a retrieval pathway must be based on Dynamin-independent mechanisms. While the complementary localization patterns of DRL and ROBO3 suggests that intra-axonal compartments are fundamental units for localization of multiple molecules, molecular mechanisms for generating or maintaining their compartmental localization could be diverse.
Another critical issue raised in the previous studies in vivo is how the intra-axonal localization of guidance receptors is maintained over time (Keleman et al., 2002) . If the guidance receptors are freely diffusible on the axonal membrane, they may spread along the axon, leading to a uniform distribution. Our FRAP experiments in cultured neurons revealed that localized receptors (ROBO3-EGFP and DRL-EGFP) are indeed mobile within the intra-axonal compartment. Although the mobility of these localized receptors across the compartment boundary was not directly measurable, the mobility of several transmembrane proteins (ROBO-EGFP and CD8-GFP) and lipid-anchored protein (GFPgpi) that distribute along the entire axon length was significantly restricted at the compartment boundary. This restriction is likely due to the diffusion barrier that spans over a 10 mm axon length around the boundary. We propose that this barrier is a part of the mechanisms that maintain the pattern of compartment-specific membrane proteins, as shown in different subcellular regions such as the tight junction of epithelial cells (Shin et al., 2006) , the posterior ring of sperm (James et al., 2004) , the cleavage furrow of dividing yeast and mammalian cells (Schmidt and Nichols, 2004; Takizawa et al., 2000) , and the initial segment of mammalian neurons (Kobayashi et al., 1992; Nakada et al., 2003; Winckler et al., 1999) . We did not detect significant barrier effect on GAP-GFP, which resides in the inner leaflet of the plasma membrane. We have also observed that vesicles containing membrane proteins pass through the barrier region (data not shown). Thus, we favor a model in which the barrier becomes effective only after the molecules are inserted into the axonal membrane. It would be important to test whether or not a diffusion barrier exists in vivo, and whether or not it plays a role in the development of the nervous system.
Potential Roles of Intra-axonal Patterning An important but yet poorly explored question is the role of the guidance receptors localized on axon shafts. A straightforward explanation can be offered based on non-cell-autonomous functions of guidance receptors or membrane proteins in general; they may ''label'' axon pathways through specific adhesion (fasciculation), or through presenting their ligands, thereby providing instructive spatial cues for the navigation of other axons Hiramoto et al., 2000; Raper et al., 1984) . For example, Fasciclin cell-adhesion molecules have been suggested to provide pathway labels for guiding other growth cones Raper et al., 1984) . Drosophila Netrin receptor Frazzled/ DCC relocates its ligand Netrin to strategic positions in the nervous system, thereby generating guidance information for a longitudinal pioneer neuron (Hiramoto et al., 2000) . Other studies reported that guidance receptors can also play noncell-autonomous roles in cell migration and synaptogenesis (Ango et al., 2004; Kraut and Zinn, 2004) . Thus, spatial patterns of molecules on axon shafts likely have direct roles in neuronal circuit formation.
Lastly, we propose that the compartmentalization of the axonal membrane could be a common basis for the structure and function of the nervous system. In the Drosophila ventral nerve cord, formation of the longitudinal axon tracts depends on the expression of ROBO receptors. On the other hand, longitudinal axon tracts are considered as the site for synapse formation, because synaptic proteins such as synaptotagmin and synapsin accumulate on the longitudinal tracts (Littleton et al., 1993; Lohr et al., 2002) . We found that in cultured neurons both ROBO receptors and synaptic proteins localize to the distal axon compartment. This may suggest that the spatial distribution of guidance molecules and synaptic proteins can be collectively governed by the compartmentalization of the axonal membrane. Future work to identify the molecular basis of the compartmentalization, and to establish the link between cellular identity and this intracellular pattern, will aid in determining how intra-axonal patterning contributes to tissue organization.
EXPERIMENTAL PROCEDURES
Drosophila Strains
The following stocks were used: y w, shi ts1 (Grigliatti et al., 1973) , elav-GAL4(c155) , UAS-GAP-GFP (generated by Akira Chiba), UAS-myr-mRFP (generated by Henry Chang), UAS-mCD8-GFP (Lee and Luo, 1999) , hs-hid Y (generated by Mark Van Doren), UAS-syt-eGFP (Zhang et al., 2002) , UAS-n-syb-eGFP (Zhang et al., 2002) (from Bloomington Stock Center), hs-GAL4 (Halfon et al., 1997) , UAS-GAL4 (Hassan et al., 2000) , UAS-Nod-lacZ (Clark et al., 1997) , UAS-Kin-lacZ (Clark et al., 1997 ), NP5280 (Hiyashi et al., 2002 (from DGRC, Kyoto), UAS-GFPgpi (Greco et al., 2001) (kindly provided by Suzanne Eaton), UAS-Dlg-YFP (Kohsaka et al., 2007) (kindly provided by Akinao Nose), elav-GeneSwitch (Osterwalder et al., 2001) Drosophila was achieved using the binary GAL4/UAS system (Brand and Perrimon, 1993) .
Transgenes UAS-ROBO-EGFP, UAS-ROBO2-EGFP, UAS-ROBO3-EGFP, UAS-ROBO3-mRFP, UAS-DRL-EGFP, and UAS-myr-EBFP2
were created using standard PCR-based methods from cDNA clones of ROBO, ROBO2, and ROBO3 (Simpson et al., 2000a) (kindly provided by Julie Simpson); DRL (Callahan et al., 1995) (kindly provided by Shingo Yoshikawa); and EBFP2 (Ai et al., 2007 ) (Addgene). EGFP was fused to the C termini of receptors, removing their 3 0 -UTRs. Myristoylation signal for UAS-myr-EBFP2
was cloned from the UAS-myr-mRFP transgenic line.
Drosophila Primary Cell Cultures
Primary cell cultures of Drosophila embryonic neurons were prepared as described previously (Patel et al., 1987) , with slight modifications. Postmitotic neurons before axonogenesis were obtained by homogenizing embryos at stages 9-11. The cells obtained were suspended in Schneider's Drosophila medium (GIBCO) supplemented with 10% FBS, and cultured on glass bottom dishes (MatTek) coated with 1 mg/ml poly-DL-ornithine (Sigma). Cell density was adjusted to minimize cell-cell contacts. Cultures were kept at 25 C for 1 to 2 days without additional CO 2 . Axons and dendrites were defined by the localization of Kin-bgal and Nod-bgal, respectively (Clark et al., 1997) . Kinbgal accumulates to the tip of the longest neurite, while Nod-bgal localizes to the cell body or to shorter neurites directly extending from the cell body ( Figure S1 ). The longest neurite is therefore referred to as an axon in this report. A temporal shift in induction was achieved through heat-shock-triggered induction, using a combination of hs-GAL4 (Halfon et al., 1997) and UAS-GAL4 (Hassan et al., 2000) strains. A brief heat-shock induction of hs-GAL4 at 37 C for 30 min maintains GAL4 expression through the UAS-GAL4 autoregulatory loop. Neurons were imaged just before induction; the same neurons were identified 24 hr after induction with the help of a grid-coverslip (MatTek), and their morphology and fluorescence signals were compared. Temperature shift experiments for the shi ts1 mutant were performed as follows. Cells were cultured at 22 C for 24 hr before the temperature was shifted to restrictive conditions. The expression of receptors under the control of elav-GeneSwitch was initiated by adding 20 nM RU486 (Sigma) to the culture medium immediately before shifting the temperature to the permissive or nonpermissive conditions. Temperature shift was achieved by keeping glass bottom culture dishes on a water bath placed in an incubator set at a desired temperature. Fixation of cells was also done on the water bath in the incubators after 6 hr (for 29 C, 31 C, and 33 C conditions) or 12 hr (for 22 C condition) from the temperature shift.
For the pulse chase experiments described in Figure 3G , fixation was done after 2 hr, 4 hr, and 6 hr from the temperature shift (shifted to 29 C). Detection of newly synthesized proteins was done by surface labeling (see Immunostaining section below). We have confirmed that the labeling and detection condition we used for this experiment does not produce any signal in the absence of RU486. Reversibility of the effects of temperature up-shift on DRL-EGFP localization was verified as follows. After 24 hr of culture at 22 C, cells were incubated for 6 hr at a restrictive temperature (29 C), and then transferred to 22 C for 5 hr before fixation.
Immunostaining
The following primary antibodies were used: rabbit anti-ROBO2 (Simpson et al., 2000a) (1:1000 dilution), rat anti-DRL (Callahan et al., 1995) (1:1000 dilution), anti-HRP (Jackson Laboratories), rat anti-GFP (nacalai tesque), mouse anti-HA (nacalai tesque), and rat anti-bgal. We also used the following antibodies obtained from the Developmental Studies Hybridoma Bank, developed under the auspices of the NICHD and maintained by The University of Iowa, Department of Biological Sciences, Iowa City, IA 52242: anti-ROBO (Kidd et al., 1998) Immunostaining of whole embryos was performed as described previously (Patel, 1994) . For staining cultured cells, cells were fixed with 4% paraformaldehyde/PBS for 20 min at room temperature and then permeabilized with 0.1% Tween-20/PBS. For surface labeling experiments, cells were fixed for 10 min with 4% paraformaldehyde/PBS, and PBS was used for all the following steps. Blocking was carried out using Block Ace (Dainihon Pharmaceutical) for 30 min. Cells were incubated overnight with primary antibodies in 10% Block Ace, 0.1% Tween-20/PBS at 4 C and then stained with secondary antibodies for 1 hr at room temperature. The following secondary antibodies were used: Alexa 405 conjugated goat anti-mouse IgG; Alexa 488 conjugated goat anti-rabbit IgG (Invitrogen, used at 1:1000 dilution); and DyLight488-, Cy2-, Cy3-, or Cy5-conjugated donkey anti-mouse, antirabbit, or anti-rat IgG (Jackson Laboratories, used at 1:1000 dilution). Zenon Alexa Labeling Kit (Invitrogen) was used for the double staining with mAb BP102 and mAb 14C9. All double staining experiments were done by sequential labeling with two antibodies.
Quantitative Analysis of Localization
To avoid subjective differences between observers and to improve reproducibility between analyses, localization patterns and the positions of boundaries were determined by quantitative criteria, except for Figure 3G (see below). All the images were collected at an 8-bit depth, and axonal trajectories were traced by using the ImageJ plug-in NeuronJ (Imagescience). Either fluorescence signals of membrane-targeted fluorescent protein (GAP-GFP or myrmRFP) or color-inverted bright field images (phase contrast or DIC) were used for tracing. Pixel intensity along the trace was analyzed by the following algorithm, using a custom program written in R software (The R Foundation).
Images were processed with a 5 3 5 median filter, and background subtraction was applied. If the maximum pixel intensity along the trace was less than 20% of the maximum value of the dynamic range, the neuron was sorted as ''not detectable'' (N.D.). To obtain intensity per membrane area, pixel intensity of the molecule was divided by the amount of a membrane marker, GAP-GFP or myr-mRFP, where possible. Intensity was normalized so that 1 and 0 represented the maximum and minimum intensity, respectively. Localization was determined by a statistical significance test where the average normalized intensities for the proximal and distal halves of an axon were compared. If a p value was larger than 1.0eÀ13 (Wilcoxon signed rank test), the neuron was classified as having a uniform distribution of markers. The position of a boundary was defined as the point where normalized intensity becomes continuously higher than 0.2 over a 4 mm length. When there was no point matching the above criteria of a boundary, the neuron was again classified as having a uniform distribution of markers. Thus ''uniform'' distribution here should be considered as having no clear localization with a boundary. Table 1 and Table 2 list a classification of neurons using the algorithm described above. The percentages of neurons judged to have localized pattern (e.g., distal for ROBO2 and ROBO3, proximal for DRL) differ between the endogenous proteins (Table 1) and EGFP-tagged transgenes (Table 2 ). There are several factors that contribute to this difference. While the transgenes are expressed in all neurons using elav-GAL4 driver , endogenous genes are driven by their own promoter and are expressed only in a subset of neurons. Thus any potential cell-type-specific differences in the intra-axonal patterning process could cause a difference in the frequency of neurons with localized pattern. The classification is also influenced by the signal intensity and the signal-to-noise ratio, which in turn depends on the method of observation (antibody versus GFP fluorescence, the quality of antibody, expression levels). Thus the percentages of neurons with localized patterns are not directly comparable, especially between endogenous proteins (Table 1) and GFP-tagged reporters (Table 2) .
In Figure 3G , the fluorescence signal of the membrane marker myr-mRFP was barely detectable at 2 hr after temperature shift, and thus we analyzed all the data for Figure 3G visually.
Photobleaching Experiments
All photobleaching experiments were done by expressing fluorescent reporter genes using elav-GAL4 driver. A Zeiss LSM 510 META confocal microscope was used for all imaging, using a 100 X 1.45 N.A. objective lens at 25 C.
Bleaching was performed at the maximum laser intensity of a 488 nm argon laser. Image acquisition was typically performed at 0.3%-0.8% intensity. Image analysis was performed using ImageJ software (NIH) or a custom program written in R software (The R Foundation). Recovery was calculated according to the following formula: Recovery (%) = 100[I t À I 0 ]/[I pre À I 0 ], where I = (I a À I b ), I a is the average fluorescence intensity of the ROI, I b is the average fluorescence intensity of the background region of equal size, I t is the intensity at each time point, I 0 is the postbleach intensity, and I pre is prebleach intensity. The mobile fraction and the half-recovery time, which is the time required to reach half of the intensity of the mobile fraction, were calculated by fitting the curves obtained by a least-squares regression against the following equation: Recovery (%) = A[1 À exp(Àt/t)], where A is the mobile fraction and t is the time constant. Statistical analysis was performed using R software. All experiments presented in this study were replicated at least two times with independent experiments and their results were reproducible.
SUPPLEMENTAL DATA
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